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(Abstract)

External fertilization makes male anurans susceptible
to direct intrasexual competition for fertilization
opportunities at the egg mass. The red-eyed treefrog,
Agalychnis callidryas, is one species in which pairs of
males appear to simultaneously fertilize the clutch of a
single female. DNA fingerprinting revealed the presence of
multiple paternity in two egg clutches examined from two
matings involving a female with two males. The breeding
biology of females and the potential costs and benefits of
mating with multiple males were examined. Females were
found to decrease the number of eggs in matings with
multiple males. In addition, amplexed females moving toward
oviposition sites avoided secondary males by moving when
approached by secondary males. Mortality to the eggs as a
result of multiple males attempting to amplex females is

suggested as the reason females avoid multiple males. Males



were found to exhibit calling site defense from other males.
Males used a combination of auditory and a visual behavior
in defending calling sites. The call types are described
and the contexts within which calls occur is discussed.
Density of frogs was found to be a better indicator of the
occurrence of matings involving multiple males than the

operational sex ratio (number of males/number of females).
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CHAPTER 1

Introduction

Darwin (1871) recognized male intrasexual competition
as a main component in his theory of sexual selection. He
pointed out that intrasexual competition would favor males
that developed devices or behaviors preventing interference
from other males during copulation. For example, he uses
the case of parasitic worms to illustrate the importance of
sexual selection versus natural selection: "So again, if
the chief service rendered to the male by his prehensile
organs 1s to prevent the escape of the female before the
arrival of other males, or when assaulted by them, these
organs will have been perfected through sexual selection,
that is by the advantage acquired by certain individuals
over their rivals." Aristotle stated that "if a bird who
carries an egg conceived by copulation, if it then has
colitus with another male, will hatch all its chicks
thereafter of a genus similar to the latter male." (Lind
1963). Yet, until 1970, intrasexual competition as a form
of sexual selection was generally regarded to be

precopulatory competition such as fighting between males for



direct access to females.

In 1970 Parker added a significant new dimension to the
theory of sexual selection. He demonstrated that in
insects, intrasexual competition could continue after
copulation and insemination through 'sperm competition', the
competition between the sperm from two or more males to
fertilize the eggs of a single female during one
reproductive cycle (Parker 1970) which can result in
multiple paternity of offspring. Parker argued that sperm
competition, or mating by multiple males, is a component of
intrasexual competition. Selection should favor males that
are more successful at fertilizing ova, thus sperm
competition can be an important evolutionary force.

Sperm competition creates two parallel selective
forces. Selection will favor males with mechanisms for
preempting other males or their sperm from fertilization
opportunities, while counter selection favors males that can
circumvent these preemption mechanisms (Parker 1970, 1984).
These two selective forces result in an evolutionary "arms
race" (Dawkins & Krebs 1979) in which adaptation in one

direction is offset by adaptation in the other.



Theoretical implications of multiple paternity for male and
female fitness

Males generally have the capacity to mate with many
females, and hence fertilize many eggs. The cost of
fertilization is considered low for males compared to
females, based on differences in sperm versus egg sizes
(Lifjeld & Slagsvold 1989; Maynard Smith 1978; Trivers
1972) (but see Dewsbury 1982). 1In males, success in securing
mating opportunities will directly influence male fitness by
determining the number of progeny produced. Thus a strategy
of extra-pair mating, resulting in multiple paternity of
offspring, could increase a male's lifetime reproductive
success (Birkhead & Mgller 1992). Presently, the literature
lacks evidence for an increase in the lifetime reproductive
success of males who mate with previously paired females
(Birkhead & Mgller 1992). A study of red-winged blackbirds
indicates the potential for males to increase their
reproductive success by extra-pair matings. Individual male
red-winged blackbirds achieved more than 20% of their
overall mating success from extra-pair matings, as indicated
by genetic analysis of offspring (Gibbs et al. 1990).

Three main hypotheses are proposed to explain the

benefits a female could acquire from mating with more than



one male: 1) "Good genes," 2) genetic diversity of
offspring, and 3) insurance against infertility. The good
genes hypothesis proposes that a previously paired female
can benefit from mating with another male if the second male
has higher genotypic qualities with a high degree of
heritability than the male with which she initially paired
(Buitron 1983; Hamilton 1990; Wittenberger 1979). Most of
the support for this hypothesis comes from studies of
"monogamous" birds in which the female seeks extra-pair
matings (Birkhead & Mgller 1992; Graves et al. 1993;
Kempenaers et al. 1992). Female zebra finches were found to
actively solicit extra-pair matings from males that were
more attractive than their mates. Males having higher song
rates were judged more attractive by females in choice
tests. These males produced offspring that fledged heavier
and had higher song rates (Houtman 1992). 1In the
butterflies Colias species, allelic differences in the
phosphoglucose isomerase (PGI) enzyme genotype produce ten
different genotypes. Certain PGI genotypes have been found
to confer an advantage in a number of diverse fitness-
related properties: flight capacity, survivorship, and
overall mating success (Watt et al. 1986). Flight capacity

is an important variable in male courtship of females. Males



with greater flight capacity are more successful in mating
with females because they can sustain courtship for longer
pericds of times (Watt et al. 1986).

The genetic diversity hypothesis of offspring suggests
a benefit to females who produce offspring of multiple
paternity in unstable environments (Caldwell & Rankin 1974;
Gladstone 1979). Genetic variability among offspring would
increase the probability that some offspring will possess
favorable genetic traits to succeed in a heterogenous
habitat.

The insurance against infertility of mates hypothesis
(Ridley 1988) is a female hedge for the likelihood of male
infertility. Because the energetic and reproductive
investments by a female are high, non or partial
fertilization of an egg clutch will significantly decrease
her fitness. Females could protect themselves against this
cost by mating with different males and thus assure total
fertilization of their eggs. Female birds (razorbills)
engaged in extra-pair copulations (EPCs) were also more
likely to mate more frequently with their own mates (Wagner
1992). This contradicts the good genes and genetic
diversity hypotheses, which both predict that females who

engage in EPCs will behave to maximize their chances of



being fertilized by extra-pair males. These findings are
compatible with the insurance against infertility hypothesis
which only requires females to store sperm from extra-pair
males, not necessarily use it (Wagner 1992).

Conversely, two hypotheses propose to explain why
females should discourage matings by multiple males: 1)
direct cost to females by predation, and 2) loss of
fertilization efficiency. If females incur mortality costs
associated with matings by multiple males, they should avoid
mating with multiple males (Daly 1978; van den Berghe et al.
1989).

In organisms with external fertilization, multiple
paternity can only occur when the eggs are being oviposited
and multiple males are present (Halliday & Verrell 1984).
Mortality costs could be incurred if multiple male
assemblages attract more predators {(van den Berghe et al.
1989), or if egg-laying times are longer with multiple
males, thus exposing females to increased predation risk
(Kasuya et al. 1987). In the foam nesting frog, Rhacophorus
arboreus, there was a strong positive correlation between
egg-laying duration and the number of males participating
(Kasuya et al. 1987).

Females may discourage matings involving multiple males



due to the loss of fertilization efficiency. Among fishes,
it has been suggested that the increased activity of
multiple males during spawning could generate currents that
would disperse sperm away from the eggs, thus decreasing
fertilization efficiency (van den Berghe et al. 1989).
However, in foam nesting frogs, multiple male assemblages
might be needed to increase fertilization efficiency if
there is physical or chemical impedance of sperm due to the

foam material.

Mating systems and opportunities for multiple male paternity

Different mating systems, the way in which individuals
obtain mates (Krebs & Davies 1991), are thought to arise as
a consequence of differences in dispersion of mates (Krebs &
Davies 1991; Rubenstein & Wrangham 1986). Dispersion is
influenced by the ecological factors responsible for the
spacial and temporal distribution of resources necessary for
reproductive activity (Emlen & Oring 1977).

If resources necessary for female reproductive activity
are clumped in space, females will be aggregated and a few
males will be able to monopolize most of the matings.
Conversely, 1f resources are clumped in time, male

monopolization of females becomes less likely because of



breeding synchrony. The operational sex ratio (OSR), the
ratio of sexuallyv active males to fertilizable females at
any given time, provides a measure of the opportunities for
males to monopolize females (Emlen & Oring 1977).

Male reproductive success and the opportunities for
extra-pair copulations may depend on the operational sex
ratio which influences both the probabilities of attaining a
mate and the availability of extra-pair partners for
copulation (Birkhead & Mgller 1992). As the number of males
increase relative to the number of females, male intrasexual
competition and the probability of matings by multiple males
should increase. Local breeding synchrony increases the
population density of males and females. Higher population
densities also increase the probability of matings by
multiple males (Birkhead & Biggins 1987; Mgller 1991;
Thornhill & Alcock 1983).

Competition for mates may also shape the intrasexual
mating strategies within a species. In the coral reef fish,
Thalassoma bifasciatum, group sSpawning-males, which are
directly affected by mate competition from other males,
spawn selectively with larger, more fecund females. Pair-
spawning males, who face little sperm competition, spawn

with all females who arrive at their territories (van den



Berghe & Warner 1989).

In Belding's ground squirrel, Spermophilis beldingi,
females occur in aggregations and males fight for dominance
0of small mating territories within the aggregations. The
heaviest territorial males gain the most matings (Sherman &
Morton 1984). Females mate with 3-5 males. The offspring
are multiply sired, with the first male siring an average of
60%, the second male siring and average of 30%, and
subsequent males siring averages of 10% of the litters
(Hanken & Sherman 1981). After mating, the first male
leaves the female and searches for other females to mate,
rather than remaining to guard her. The first male mating
advantage, along with the high density of females, has been
suggested to be the reason males do not guard females
(Sherman 1989). In the 13-lined ground squirrel, S.
tridecemlineatus, another species with first male mating
advantage (Foltz & Schwagmeyer 1988), females occur in low
densities. Males do not guard mates after mating, nor fight
with other males, but range widely looking for other
females. Here, males with the greatest mate-searching areas
are the most successful (Foltz & Schwagmeyer 1988).

In contrast, males guard females in the Idaho ground

squirrel, S. brunneus. Paternity analysis of litters



guarded by a single male revealed that all pups were sired
by the resident male (Sherman 1989). In litters with
multiple male copulation, the male who guarded either last

or longest, sired the most pups (Sherman 1989).

Anuran mating systems

In anurans, the spatial and temporal distribution of
females determines the form of male-male competition (Wells,
1977). There are two generalized patterns of breeding,
explosive breeding and prolonged breeding.

Explosive breeders are characterized by short (from a
few days to a few weeks) breeding periods. Females arrive
simultaneously and exhibit spatial clumping around suitable
egg-laying sites. Subsequent behavior of males and females
varies with male density (Arak 1983a; Wells 1977). At high
male densities, females do not approach individually calling
males. Males actively search for females, and amplex both
other males and females in a trial-and-error process. In
some species clasped males give stereotypical release calls
or vibrations, after which, the clasping male releases the
clasped male (Bogert 1960). Although males call, they do
not defend fixed calling sites. 1Intense intra-sexual

competition for females occurs under high male densities.

10



Several males may attempt to amplex the same female and
struggle to dislodge each other (Wells 1977). In the
woodfrog, Rana sylvatica, larger unamplexed males can
displace smaller amplexed males and thus achieve more
matings than the smaller males (Howard 1988a). At low or
intermediate densities, males display characteristics
associated with prolonged breeders; calling from dispersed
locations, and remaining stationary. At low densities,
females can approach individual calling males without being
intercepted by other males. Explosive breeders are
generally characterized as having smaller differences in the
number of breeding males to females({e.g., 2:1) than
prolonged breeders (up to 31:1) (Arak 1983a).

In contrast, prolonged breeders have protracted
breeding seasons generally lasting more than a month (Wells
1977). Territorial defense or lek-behavior is the common
pattern (Arak 1983a). Females arrive at the breeding site
asynchronously. Under these conditions active searching by
males is considered energetically unprofitable (Wells 1977;
Arak 1988). Thus, males compete to set up calling sites
which may reflect either the best egg-laying sites for
females (Howard 1978a, 1988a), or are the best sound

propagation sites for males (Fellers 1979a).

11



Female choice is an important factor in determining
individual male mating success (Howard 1988b; Ryan 1985;
Sullivan 1983; Wells 1977). Males do not compete physically
for possession of females, but vocally. In many species
this has led to vocal competition, maintenance of inter-male
spacing, or defense of individual territories (see review in
Wells 1977). For example, in woodhouse's toad, Bufo
woodhousei, females discriminate between males with high and
low call rates, preferring males with high call rates,
independent of male size (Sullivan 1983). In Hyla
chrysoscelis, females preferred to approach larger males
with lower frequency calls over smaller males with higher
frequency calls (Morris & Yoon 1989). 1In bullfrogs, females
chose males with the highest quality egg deposition sites

(Howard 1978a,b, 1988b).

Multiple paternity in animals with internal fertilization
Until recently, evidence for multiple paternity or
fertilization by an extra-pair male in nominally monogamous
species, has been assumed through observations of extra-pair
matings, but not demonstrated empirically (Gladstone 1979,
Maynard Smith & Ridpath 1972, Westneat 1990). For example,

in the study of "wife sharing in the Tasmanian native hen"

12



the presence of extra-pair copulatory behavior was used to
presume multiple paternity (Maynard Smith & Ridpath 1972).
DNA fingerprinting has revolutionized the study of
mating systems through examination of the actual maternity
and paternity of offspring. The ability to detect paternity
based on genetic evidence rather than behavioral evidence is
crucial for determining true paternity. For example, in the
Japanese quail only three percent of observed fertilizations
resulted in the fertilization of a full clutch of eggs
(Adkins-Regan 1995). DNA fingerprinting reveals multiple
paternity in monogamous species where extra-pair copulations
were thought not to occur (Burke & Bruford 1987; Swatschek
et al. 1994; Westneat 1990, 1993; Wetton et al. 1987).
Multiple paternity, as measured by either matings by
multiple males with a female during one reproductive cycle
or multiple paternity of progeny during a single
reproductive cycle, has been reported in most animal groups
with internal fertilization (Smith 1984): insects (Achmann
et al. 1992; Miller & Eggert 1989; Waage 1979), arachnids
(Watson 1991), fish (Constantz 1984; Greene & Brown 1991;
Travis et al. 1990; van den Berghe et al. 1989; wvan den
Berghe & Warner 1989), amphibians (Houck & Schwenk 1984;

Houck et al. 1985; Tilley & Hausman 1976), reptiles (Barry

13



et al. 1992; Galbraith et al. 1993; Schwartz et al. 1989;
Stille et al. 1986), birds (see review by Birkhead & Mgller
1992; Briskie et al. 1992; Graves et al. 1993; Houtman 1992;
Kempenaers et al. 1992; Mgller 1991; Wagner 1992; Wetton et
al. 1987), and mammals (Ginsberg & Huck 1989; Gomendio &

Roldan 1991; Harcourt 1991; Smith 1984).

Multiple paternity in animals with external fertilization.
Multiple paternity has been reported in fish with
external fertilization, where unpaired males (sneakers and

streakers) swim over to spawning pairs and release sperm
(Dominey 1980; Gross 1991; Keenleyside 1972; Peterson 1990;
van den Berghe, et al. 1989). Multiple paternity has also
been suggested in aquatically ovipositing anurans where
unamplexed males gather near spawning pairs and may be
releasing sperm analogously to sneakers and streakers in
fish (Halliday & Verrell 1984). However, multiple paternity
has not been documented in anurans (Halliday & Verrell 1984;
Jennions et al. 1992), the only group of tetrapod

vertebrates with external fertilization.

The potential for multiple paternity in anurans.
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In contrast to the internal fertilization found in
arthropods, some fishes, and amniotic vertebrates, male
anurans fertilize eggs externally by releasing sperm over
the eggs during, or shortly after the eggs leave the
female's body (Halliday & Verrell 1984). Females are not
known to possess sperm storage organs and males generally
lack intromittent organs (Halliday and Verrell 1984). Thus,
the potential for more than one male to have direct access
to the unfertilized eggs should make mating males
particularly vulnerable to multiple fertilization.

In addition, there are a number of factors that should
encourage male anurans to engage in extra-pair copulations
to increase their reproductive success. First, unlike many
birds and mammals, most anurans are characterized by a lack
of male parental care, enabling males to seek successive
mating opportunities (Duellman & Trueb 1986; Wells 1981).
Second, many anurans have mating systems characterized by
high OSR, the result of males remaining at their breeding
sites throughout the breeding pericd, while receptive
females arrive asynchronously (Wells 1977). As the ratio of
males to females increases, intrasexual competition for
mates is expected to intensify (Ryan 1985; Wells 1977) and

the potential for matings by multiple males should increase

15



(Birkhead & Mgller 1992). Male anurans may also lack the
ability to effectively guard an ovipositing female from
other male's sperm.

Females also should have a role in determining whether
to mate with a single or multiple males because of the
potential advantages or disadvantages of mating with
multiple males (e.g., "good genes", genetic diversity of
offspring, insurance against infertility or direct cost to
females by predation and loss of fertilization efficiency).
One way females may be able to encourage matings by multiple
males is to exhibit behaviors that enable multiple males to
join during egg-laying. For example, in racophorid frogs,
females construct large foam nests into which multiple males
are thought to release their sperm (Coe 1967; Kato 1956;

Jennions et al. 1992).

Characteristics of anurans in which multiple male mating has
been reported

The aggregation of multiple males around an ovipositing
female has been reported in three species of arboreal
ovipositing hylid anurans (Pyburn 1963, 1970; Roberts 1994;
Wiewandt 1971), and five species of terrestrial and arboreal

ovipositing rhacophorid anurans (Coe 1967; Feng & Narins
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1991; Fukuyama 1991; Jennions et al. 1992; Kasuya et al.
1987; Kato 1956; Kusano et al. 1991).

The site of egg development may limit the potential for
multiple-male matings. Of the three main categories for
sites of egg deposition- 1) aquatic egg-laying, 2)
terrestrial egg-laying or arboreal egg-laying, and 3) eggs
carried by the adult (Duellman & Trueb 1986)- matings by
multiple males have only been reported in the terrestrial or
arboreal egglayers. In the family Hylidae, matings by
multiple males have been reported for the arboreal leaf-
breeders, Agalychnis callidryas (Pyburn 1963, 1970), A.
saltator (Roberts 1994), and Pachymedusa dacnicolor
(Wiewandt 1971). These three species lay eggs in jelly
masses on leaves overhanging ponds. The eggs undergo
development to tadpoles which then hatch and fall into the

water below.

Matings by multiple males have also been reported in
the family Rhacophoridae. Rhacophorus schlegelii deposits
eggs terrestrially in a foam nest in a burrow (Fukuyama
1991), while Chiromantis rufescens, C. xeropelima,
Rhacophorus arboreus, and Polypedates leucomystax oviposit
in arboreal foam nest constructed by the females (Coe 1967,

1974; Feng & Narins 1991; Kasuya et al. 1987; Kusano et al.
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1991).

In contrast to species that lay their eggs in water,
the sperm of species that oviposit terrestrially or
arboreally may be able to place their sperm in close
proximity to the eggs without it being washed away by water
currents. Additionally, the substrate (ground egg-laying),
branch or leaf (arboreal egg-laying) enable intruding males
to position their cloacae in close proximity to the egg mass
without having to directly amplex the female. In aquatic
ovipositers, intruding males have nothing to grasp to
position themselves close enough to the emerging eggmass to
effectively fertilize the eggs.

Study questions

Agalychnis callidryas was chosen to address the
questions: (1) Do matings by multiple males result in
multiple paternity, (2) how prevalent is multiple paternity
in this species, and (3) what constellation of ecological

characteristics might facilitate multiple paternity?

Study organism
Matings by multiple males have been reported by Pyburn
(1963, 1970) and observed by me. The information on A.

callidryas breeding biology is from studies in the Tuxta
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Mountains of southern Veracruz, Mexico (Pyburn 1963, 1970)
and a specles summary by Duellman (1970).

The treefrog, A. callidryas, is an arboreal leaf-
breeder. 1Its range extends from southern Mexico through
Panama, with breeding activity coinciding with the start of
the rainy season (April-June, depending on location), and
lasting for the duration of the wet season (August-December,
depending on location). Females move from the forest to
ponds where males call from the elevated pondside
vegetation. Male advertisement calls are described as a
single or double note "tlock" (Dunn 1931), "quirt" (Breder
1946), "chock"™ (Duellman 1970), or "chack" (Pyburn 1970).
Females approach single males or groups of males calling
from the vegetation. After a female is amplexed by a male,
she carries him to the pond where she absorbs water through
her cloaca for hydration c¢f the egg clutch. Following
hydration she carries the male to a leaf overhanging the
water and oviposits on the leaf surface (Pyburn 1963, 1970)
and then returns to the water to rehydrate her eggs between
clutches.

Unamplexed "secondary" males can be attracted to
movement of paired frogs consisting of a female amplexed by

a "primary" male. Secondary males may attempt to join the

19













































































































































